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Abstract  
This paper reports the design of a 2815 MHz Quasi-waveguide Multicell Resonator (called QMiR) being considered as a 
transverse RF deflecting cavity for the Advanced Photon Source’s (APS) Short Pulse X-ray project. QMiR forms a trapped dipole 
mode inside a beam vacuum chamber, while High Order Modes (HOM) are heavily loaded. This results in a sparse HOM 
spectrum, makes HOM couplers unnecessary and allows simplifying the cavity mechanical design. The form of electrodes is 
optimized for producing 2 MV of deflecting voltage and keeping low peak surface electric and magnetic fields of 54 MV/m and 
75 mT respectively. Results of detailed EM analysis, including HOM damping, thermal and mechanical calculations for proposed 
QMiR cavity are presented. 
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1. Introduction 
A superconducting radio frequency (SRF) multi-cell trapped mode cavity is proposed for implementation in the 
Short Pulse X-ray (SPX) upgrade of Argonne APS, with the purpose of facilitating sub-picoseconds X-ray pulse 
generation [1]. The number of Synchrotron Radiation (SR) facilities over the world is a multiple of ten and is 
growing up quickly [2]. Generating short x-ray pulses in a SR facility is in high demand for research in condensed 
matter physics, materials science, biology and medicine. Proposed technique is based on a beam deflection resulting 
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in a correlation between the longitudinal position of an electron within the bunch and its vertical momentum. It 
allows obtaining a sub-picosecond X-ray pulse without a reduction of a bunch length in existing particles 
accelerators.  
Historically a simple pill-box type resonator with an optimized elliptical shape, operating in the dipole electric 
TM11 mode was used for beam deflection [3, 4]. Despite its simple geometry and a good surface cleaning capability, 
there are a few major draw backs: a) the TM11 mode is not the lowest mode in the cavity spectrum, b) number of 
Low Order Modes (LOM) and HOM couplers are required for damping unwanted resonances, c) such cavities have 
large transverse dimensions. Thus, there are difficulties with cryostat design that complicate cavity operation. 
Recently alternative solutions based on the transverse TE11 magnetic mode and parallel TEM lines were proposed 
for the deflection of charged particles [5, 6]. Both approaches result in significantly smaller cavity design compared 
to the conventional TM11 elliptical cavity and eliminate the presence of LOM modes. As a further development of 
the TE mode concept FNAL proposed the multi-cell squashed TE113 mode deflecting cavity for CW proton linac [7]. 
The obvious advantages of a multi-cell geometry are a) high shunt impedance and as a result low surface RF power 
losses, b) single cavity can provide the required kick, c) easy HOM damping, d) elimination of trapped modes 
between cavities, e) no inter-cavity alignment is needed and f) only one cavity frequency tuner is required. However, 
all these new concepts are still based on a closed resonant volume with a dense eigenfrequency spectrum and 
therefore require auxiliary couplers for damping coherent HOM excitation. Thus, there is a need for a simple and 
compact superconducting structure for beam manipulation applications. Such a structure has to provide a high 
transverse kick, have a minimum number of auxiliary couplers and must be able to operate with high beam current. 
In this paper we explore the design of a multi-cell superconducting cavity based on the concept of trapped 
modes in a hollow waveguide. We present detailed EM analysis in order to find out an optimum cavity geometry, 
estimate the HOM damping and conclude with mechanical and thermal simulations for the cavity performance 
evaluation. 
2. Cavity EM Design 
2.1. Design of the deflecting cell shape 
It is known that localized imperfections in a regular waveguide will cause so called “ghost modes” to appear 
[8, 9]. Ghost modes are trapped to the vicinity of imperfections, with resonant frequencies lower than the waveguide 
cut-off limit, and usually are treated as a parasitic factor limiting the beam intensity. Instead we try to use this 
phenomenon on purpose in our design of the QMiR cavity. The principle idea of creating ghost modes is illustrated 
in Figure 1. Since multiple electrodes immersed into a waveguide form a trapped mode resonator, the transverse 
field components of the TE dipole mode create a kick and effectively deflect charged particles passing through the 
cavity. Because such a cavity is open, i.e. has no end walls, it helps significantly in reducing the quality factors of 
HOMs, thus, avoiding complicate HOM couplers and simplifying the cavity mechanical design in overall. 
Table 1. Design parameters for the APS deflecting cavity. 
Parameter Value 
Frequency 2.815 GHz 
Optimal beta 1.00 
Nominal Kick Voltage 2 MV 
Beam aperture 12 mm x 30 mm 
Max surface Epk  54, (< 55) MV/m 
Max surface Bpk 75, (< 80) mT 
G-Factor 130 Ω 
(R/Q)t, Operating mode 1040 Ω 
Rm*F, Monopole modes <0.44 MΩ * GHz 
56   A. Lunin et al. /  Physics Procedia  79 ( 2015 )  54 – 62 
Rt, Horizontal mode <1.3 MΩ/m 
Rt, Vertical mode <3.9 MΩ/m 
An isometric view of a three-cell 2815 MHz TE mode deflecting superconducting cavity is shown in Figure 2. 
The cell is composed by a pair of smooth protrusions, aka “electrodes”, in opposite walls of a square waveguide. 
The square shape allows minimizing the transverse space occupied by the cavity and provides a simple mechanical 
design simultaneously. The form of electrode is chosen to be a chain of conjugated elliptical surfaces for optimal 
distribution of electrical and magnetic field components. The geometry of a medium cell is illustrated in Figure 3. 
 
Figure 1. Ghost modes in a regular waveguide with imperfections. 
The square waveguide is connected to a vacuum beam line by a smooth transition enabling freely radiating and 
damping of beam excited HOMs. The particular design of the transition has a round shape matched to the design of 
a vacuum chamber in the actual section of the APS circular accelerator. 
 
Figure 2. An isometric view of the TE mode deflecting superconducting cavity and a fundamental mode coupler. 
 
Figure 3. Geometry of the medium cell. 
A rectangular lateral waveguide is attached to the cavity for feeding with RF power during operation. The 
waveguide position is shifted in respect to the inter-cell boundary aiming to break symmetry and provide an 
adequate high-Q coupling (105 ÷ 106) of operating mode with an external RF source in order to reduce RF power 
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used to control the power coupling ratio and maintain low surface magnetic field simultaneously. Distribution of 
electric and magnetic fields and mechanism of coupling of the cavity’s operating mode with external waveguide 
transmission line is illustrated in Figure 4.  
 
 
Figure 4. Vector electric (a) and magnetic (b) fields of the 2815 MHz operating TE113 mode. 
Transverse electric and magnetic components of RF field in the cavity deflect the beam and produce a vertical 
kick or crabbing of the beam. The result of electromagnetic simulations using ANSYS HFSS code of transverse 
components on the cavity axis is presented in Figure 5 for 1J stored energy [10]. The vertical kick is defined as a 
real part of the voltage integrated along the beam trajectory: 
௬ܸ ൌ ܴ݁ ׬ ሺܧ௬ ൅ ܼ଴ܪ௫ሻ݁௜௞௭݀ݖ௅଴       (1) 
where L is the cavity length equal to distance between beam line ports, Ey and Hx are transverse electric and 
magnetic field components, Z0 is the characteristic impedance of vacuum and z is a longitudinal coordinate along the 
cavity axis. 
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Figure 5. Operating TE113 mode transverse electric (blue) and magnetic (red) field components along the cavity axis (normalized to 1J). 
Three pair of protrusions have special shapes which are optimized for keeping the peak surface electric and 
magnetic fields below 55 MV/m and 75 mT respectively while maintaining the vertical kick at 2 MV level. 
Developing of a vertical kick along the cavity axis is presented in Figure 6. It is proven by experimental data that 
SRF cavities can reliably operate if its surface electric field is below 75 MV/m and surface magnetic field is less 
than 100 mT, which gives a good safety margin to the proposed design [11]. Table 1 contains the most essential 
operating mode parameters and maximum allowable longitudinal and transverse impedances ensuring stable 
multibunch operation of the APS ring [12]. The transverse shunt impedance is defined as (R/Q)t = Vy2/ωW, where ω 
is the mode angular frequency and W is the electromagnetic energy stored in the cavity. The transverse shunt 
impedance of the proposed three-cell geometry is above 1 kΩ, which is remarkably high compared to traditional 
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single cell designs based on dipole TM11 or TE11 modes (typically have few hundreds ohms shunt impedance per 
cavity). 
 
Figure 6. Integrated vertical kick along the cavity axis (solid red curve is the overall kick, dotted blue and green curves are electric and magnetic 
components of the kicks). 
2.2. High Order Modes damping 
The lowest frequency eigenmode of the cavity is the dipole deflecting mode. Besides the operational deflecting 
mode, there are two other “same-order” deflecting modes whose frequencies are slightly lower. The fundamental 
coupler waveguide seen in Figure 1 is also used to suppress these modes and, therefore, it is purposely shifted from 
the cavity center in order to provide external coupling for the operating mode and damping lower frequency dipole 
modes simultaneously. Table 2 shows calculated transverse impedances and quality factors for these modes. The 
largest transverse impedance is 1.9 MΩ/m, which is below the maximum value of 3.9 MΩ/m specified in the Table 
1. The beam pipe cutoff frequency for the transverse TE11 mode is 3.6 GHz and, thus, all higher frequency dipole 
modes freely propagate out of the cavity. 
Table 2. Transverse dipole modes. 
Freq., [GHz] (R/Q)t, [Ω] Qext Rt, [MΩ/m] 
2.476 0.03 2400 3.0E-3 
2.675 5.0 6800 1.9 
The cavity spectrum of monopole modes is sparse and contains four modes below the TM01 mode beam pipe 
cutoff frequency of 4.7 GHz and two trapped modes above. Parameters of these modes are shown in Table 3. All 
monopole modes are well separated from the operating mode and have relatively low R/Q and external Q values. 
The largest calculated longitudinal impedance is 0.26 MΩ•GHz, Thus, no multi-bunch instability is expected 
because the monopole HOMs impedances listed are below the maximum value of 0.44 MΩ•GHz given in Table 1. 
Table 3. Monopole modes. 
Freq., [GHz] R/Q, [Ω] Qext Rm•F,[MΩ•GHz] 
4.304 1.3 55 3.0E-4 
4.409 39 530 0.09 
4.471 37 400 0.07 
4.530 0.35 5900 8.0e-3 
5.080 132 390 0.26 
5.114 39 108 0.02 
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3. Cavity Mechanical Analysis 
3.1. Computation of Frequency Shift due to Pressure Fluctuations 
Helium pressure in the cryogenic system inherently varies causing continuous pressure fluctuations on the 
cavity walls. Pressure fluctuations then translate to continuous perturbations to the cavity’s volume that would 
induce detuning to the resonance frequency. Conventionally, the cavity sensitivity to pressure fluctuation is 
expressed by the term df/dp, which basically quantifies the expected frequency change due to certain change in the 
helium bath pressure. Computation of df/dp in the course of cavity design requires multi-physics analyses, where the 
electromagnetic and mechanical aspects of the problem are coupled together. Modeling the frequency detuning 
regardless of its source follows the following steps: 
1. Use a full 3D electromagnetic solver, find the eigen-frequencies of the cavity. 
2. Use a solid mechanics solver, find the displacement that occurs to the cavity structure under certain 
boundary load. In case of computing frequency sensitivity to pressure, the boundary load is the helium bath 
pressure. 
3. Deform the geometrical mesh of the structure according to the computed displacement. 
4. Recalculate the eigen-frequencies of the deformed cavity. 
 
Figure 7. Frequency sensitivity of the QMiR cavity to pressure fluctuation df/dp. (a) Geometry of the cavity with mechanical boundary 
conditions. (b) Displacement under 2 bar of pressure load. (c) Von Mises stresses under the same pressure load. A 3 mm shell thickness is 
assumed here for the cavity Niobium walls. 
For the QMiR cavity geometry, df/dp has been computed under the mechanical boundary conditions shown in 
Figure 7(a), where the beam pipe ports are fixed in the x and z directions, while the coupler port is fixed in y 
direction. Figures 7(b) and 7(c) show the amount of displacement in μm and Von Mises stresses in MPa, 
respectively under 2 bars of pressure load. The frequency change under this 2 bar pressure load is -145 kHz, which 
translates to df/dp of -72.5 Hz/mbar. The relatively large frequency sensitivity of the cavity to pressure fluctuations 
is not a concern since the cavity will be over-coupled with few tens of kHz bandwidth. 
3.2. Plastic Deformation of the Cavity to Tune the Resonance Frequency 
Cavity tuning is an essential step in preparing the cavity for final assembly. Tuning is typically achieved by 
plastically deforming the cavity which perturbs the resonance electromagnetic volume inside the cavity thus shifting 
the resonance frequency. Tuning of the QMiR cavity has been investigated. We recommend tuning the cavity under 
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the mechanical boundary conditions shown in Figure 8(a), where beam pipe ports are fixed in x, and z directions, 
while the coupler is fixed in y direction and the bottom surface of the cavity is fixed in y direction. Then by pushing 
with a force up to 5.9 kN on the middle cell against the fixed bottom surface, we could plastically deform the cavity 
and achieve -28.5 kHz frequency shift per each μm of deformation. Figures 8(a) and 8(b) demonstrate the resultant 
displacement in μm and the Von Mises Stresses in MPa for a 5.9 kN force applied on the middle cell as shown in 
Figure 8(a). The cavity frequency sensitivity to deformation df/dl is satisfactory and indicates that tuning of the 
cavity will be straightforwardly attained. 
 
Figure 8. Frequency tuning of the QMiR cavity. (a) Geometry of the cavity with mechanical boundary conditions. (b) Displacement under 5.9 kN 
force applied on the middle cell. (c) Von Mises stresses under the same force load. The thickness of the cavity Nb walls is assumed to be 3mm. 
4. Thermal Quench Analysis 
One of the design goals of QMiR cavity was the quench field. Cavity has been required to sustain at least 100 mT 
peak surface magnetic field. In fact, quench occurs by local electromagnetic heating at the peak surface magnetic 
field spot then spread causing the cavity to lose its superconducting state. Quench is also governed by the cooling 
scheme of the cavity. In that perspective, the geometry of the cavity has been optimized to reduce the peak surface 
magnetic field to 75 mT. On the other hand, two fabrication scenarios have been proposed to the deflecting cavity; 
one staring from a bulk Niobium pieces and the other using Niobium sheets. The two fabrication scenarios would 
end up obviously with cavity structures of different cooling schemes, as shown in Fig. 9(a) and 9(b). In fact, there 
was a concern that the bulk Niobium structure might be susceptible to thermal breakdown at early gradient because 
of the relatively thick walls. Therefore, it was imperative to investigate the quench field of each structure. In the 
thermal quench analysis, it is essential to include the material properties namely surface resistance and thermal 
conductivity as a function of temperature. We have represented the surface resistance as Rs = Rsf+Rs0, where Rs0 is 






ଶ ݁ݔ݌ ቀെ ଵ଻Ǥ଺଻் ቁ     (2) 
where T is temperature in K and f is frequency in GHz [13]. For the QMiR cavity frequency equals to 2.815 GHz 
and the surface resistance is increased exponentially from 61.3 nΩ at 2 K to 2100 nΩ at 4 K. For the thermal 
conductivity of Niobium we have used an empirical formula: σT = 1.6*exp(1.02*T), which is valid in the 
temperature range of interest from 2  K to 8 K [14]. 
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The thermal quench field can be predicted by simulating the electromagnetic heating effect in the cavity under 
various peak magnetic field scenarios. Then by observing the maximum surface temperature we could 
straightforwardly observe when the temperature sharply increase. Beyond a certain limit the solution won’t actually 
converge and that is when the quench would happen. 
The multiphysics simulation of the electromagnetic heating would require coupled electromagnetic thermal 
analysis. We have used Comsol Multiphysics in our simulation [15]. In order to account for the effect of Kapitza 
resistance the cavity Niobium shell was covered in the numerical model with a relatively thin layer (0.2 mm) to 
represent the Kapitza thermal resistance. Several models of Kapitza Resistance were proposed, namely, Mittag and 
Amrit models [16, 17]. We have utilized our experience with the XFEL 3.9 GHz cavity to decide which model 
would reflect a closer quench field to the measured value. Mittag model proved to be the most accurate one giving a 
quench field of 126 mT vs 120 mT observed in measurements for the third harmonic cavity [11]. Thus, it has been 
adopted for the quench analysis of QMiR cavity. Figure 8(c) demonstrates the results of the quench analysis for both 
the shell and bulk structures. In fact the quench field is strongly dependent on the thickness of the cavity shell 
especially at the high magnetic field area. Analysis have shown that using relatively thin (~3 mm) Niobium walls 
would secure a relatively high quench field 160 mT, while the structure made of bulk Niobium is projected to 
quench at 100 mT giving the cooling scheme shown in Fig. 8(a). Cooling of the bulk structure can be further 











Figure 9. Thermal quench analysis of the QMiR cavity. (a) Cavity model made of bulk Niobium. (b) Cavity model made of 3 mm Niobium shell. 
(c) Maximum temperature vs peak magnetic field demonstrating thermal quench results for both structure. 
5. Conclusions 
The present design of the superconducting QMiR deflection cavity is based on the concept of trapped TE-mode 
which allows to avoid complicated HOM couplers and to maintain a high operating gradient at the same time, 
thereby, making the cavity mechanical design straightforward and producing a more compact and reliable 
cryomodule. Due to a high beam instability threshold of HOM excitation, the QMiR cavity can be beneficially 
operated for various beam manipulation projects under high beam current and high repetition rate scenarios. 
The cavity mechanical simulations demonstrate that there are no problems with microphonics and the operating 
mode frequency tuning is feasible. Multiphysics thermal quench analysis predicts reliable cavity operation up to 
160 mT and 100 mT of surface magnetic field for shell and bulk Niobium mechanical models respectively. The first 
Niobium prototype of QMiR cavity was recently fabricated and tested at ANL. During the vertical cold test at 2 K 
temperature the undressed QMiR resonator reached the deflecting voltage of 2.7 MV (~100 mT magnetic and 70 
MV/m electric surface fields) without been quenched [18]. 
References 
[1] A. Zholents, P. Heimann, et al., “Generation of sub picosecond X-ray pulses using RF orbit deflection”, Nucl. Instrum. Methods Phys. Res., 
Sect. A, Vol. 425 (1999), p. 385. 
[2] http://www.lightsources.org/regions 
[3] H. Padamsee et al., “Crab Cavity Development for the Cornell B-Factory”, Proceedings of PAC91, San Francisco, 1991, pp. 2423 - 2425. 
(a) (b) (c) 
62   A. Lunin et al. /  Physics Procedia  79 ( 2015 )  54 – 62 
[4] K. Hosoyama et al., “Development of the KEK-B Superconducting Crab Cavity”, EPAC08, THXM02, Genoa, 2008, pp. 2927-2931 
[5] J. R. Delayen et al., “Compact Superconducting Cavities for Deflecting and Crabbing Applications”, SRF 2011, Chicago, Illinois, 2011  
[6] J. R. Delayen and H. Wang, “New Compact TEM type Deflecting and Crabbing RF Structure”, Phys. Rev. ST Accel. Beams, 12, 2009 
[7] V. Yakovlev, I. Gonin, et al., “A compact cavity for the beam splitter of the Project X,” Project X Technical Meeting, ProjectX Document 
826, http://projectx-docdb.fnal.gov/cgi-bin/DocumentDatabase/, March 1, 2011 
[8] E. T. Jaynes, “Ghost Modes in Imperfect Waveguides”, "Proc. Inst. Radio Engrs, Vol. 46, NO.  2, 1958, 
[9] C. V. Stupakov, S. S. Kurennoy, “Trapped electromagnetic modes in a waveguide with a small discontinuity”, Phys. Rev. E, Vol.41-1, 1994 
[10] http://ansys.com/ 
[11] H. Edwards, et al., “Comparison of Buffered Chemical Polished and Electropolished 3.9 GHz Cavities”, SRF2009, TUPPO063, Berlin, 
Germany, 2009. 
[12] Advanced Photon Source Upgrade Project Conceptual Design Report, APSU-1.1-PLN-002-02.1, ANL, 2011 
[13] H. Padamsee, “RF Superconductivity: Science, Technology and Applications”, WILEY-VCH, 2009 
[14] Journal of Physical and Chemical reference data, vol.3, suppl. 1. Journal of Physical and Chemical reference data, vol.3, suppl. 1. 1974. 
[15] http://www.comsol.com/ 
[16] K. Mittag, Cryogenics 73, p. 94, 1973 
[17] J. Amrit et al., CEC-AIP Vol. 47, p. 499, 2002 
[18] Z. Conway, et al., “Development and Test Results of a Quasi-waveguide Multicell Resonator”, IPAC14, Dresden, Germany, 2014 
 
